ABSTRACT
Hence, new planning methodologies and tools involving multi-criteria decision making (MCDM) methods and taking uncertainty into consideration are needed. When different energy carriers are involved it is important to focus more on the problem formulation phase. It includes inter alia mapping of decision makers and stakeholders and their main objectives and criteria, determining the system boundary that
gives a consistent and fair comparison of alternative energy carriers, and selecting the attributes associated with the greatest uncertainty for more thorough assessment.
So far, no specialised tool for integrated planning of local energy distribution has been identified. In particular there is a lack of tools for analysing how capital intensive and mutually dependent infrastructure systems can be designed to utilise the available local energy resources. A prototype decision aid tool for integrated energy system optimisation has therefore been developed. A brief description and results from a case study is presented at the end of this paper.

Analysing multiple energy carriers for multiple numbers of decision makers with multiple criteria requires new methodology. Existing MCDM methods may be implemented in to traditional energy planning processes.
INTRODUCTION
Utilities responsible for power distribution have traditionally focused on optimal planning of the power network without adequate co-operation and coordination with district heating or gas network planners, resulting in possible sub-optimised solutions. The increasing focus on distributed generation and renewable energy sources makes it necessary to analyse alternative energy carriers in mutual combination. New regulations from authorities and increased public attention and concern regarding both visual impact and emissions have led to more difficulties and restrictions related to implementation of energy infrastructure projects. Hence, the need for formally documented decisions and processes has increased.
Local energy planners in many countries are currently confronted with new challenges. One big challenge in the short term is to understand the complexity the restructuring of the energy sector and the development of different energy markets are adding to the decision making process. In addition, the widely discussed environmental problems and the continuous depletion of primary resources are giving new dimensions to the planning problem in the medium and long run. Consequently, there is a need to evaluate the traditional methods and to look for new planning methodologies and tools, in order to propose solutions both for the short and long run.
The energy system planning process can be divided into several, quite distinct phases, independent of which energy carriers that would be relevant for specific cases. The phases may be grouped as follows: 1. Problem formulation, establishment of relevant premises and criteria to be used 2. Collection of relevant data related to demand forecast, resources mapping, available technologies etc. 3. Analyses of relevant alternatives (technical, economical and environmental) 4. Decision making (evaluation, negotiation, acceptance etc).
In this paper mainly phase 1 is discussed, by focusing on who is, or should be, involved in the planning process, what are the relevant criteria, and how uncertainty and multi-criteria decision making (MCDM) methods may be handled.
STAKEHOLDERS AND DECISION MAKERS
More stakeholders with different objectives and criteria are involved in energy planning processes than before, such as:
• energy distribution companies • energy suppliers • large-scale customers • regulators and local authorities • potential investors • interest organisations/opinion Some of these are directly involved as decision makers, while others are mainly affected by the final outcome without taking active part in the decision process.
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OBJECTIVES AND CRITERIA
Planning of mixed energy distribution systems comprises development, operation and maintenance of the infrastructure as well as the integration of distributed energy sources and multiple end-uses. Objectives and tasks in the planning process may be summarized as:
• to cover supply duties with acceptable quality of supply and to contribute to effective energy markets • to specify infrastructure and mix of energy sources and carriers at minimum cost and acceptable environmental impact
The overall objective can be formulated as "Maximising society's welfare", and be broken down naturally in four main major objectives, as in the objective hierarchy example shown in Figure 1 . These main objectives can be further broken down into more detailed objectives as illustrated in the figure. Examples of quantifiable criteria are shown in blue boxes while the yellow and shaded boxes give examples of criteria that can not be measured and easily quantified. However, depending on who the decision maker(s) is, there may be different objectives regarding development of infrastructure for energy distribution -or at least the weighting of various objectives may vary. Different objectives that can be included in energy planning are briefly outlined in [1] and summarized below. The main groups of objectives that could be considered are: Economics, environmental impact, quality of supply and reputation. To some actors other objectives may influence their decisions, such as local employment opportunities (local generation/conversion plants) and local industrial development (offer diversity of energy carriers to industrial actors who consider establishment of activity).
Economics
The 'economics' criterion is and will probably be the most important one for the majority of decision makers. To assess this criterion, there are several objectives that can be considered separately, depending on who the decision maker is and how competitive his decision environment is. For example, if the decision maker is representing a distribution company, the main interest could be to maximize the company's profit. An alternative is to minimize the total cost, especially for electricity distribution business where special regulations concerning the maximum income must be followed (in some countries). The cost objective is also the most critical one when the decision maker is a large customer.
Environmental impact
Most energy conversion and distribution technologies have a negative impact on a global and/or local level. Environmental impact includes for example emissions, noise, aesthetical impact, etc. Another major objective is therefore to minimize the environmental impact associated with different system alternatives. Different kinds of energy projects have different impact on the environment. Ideally, all impacts on nature, i.e. the whole life-cycle impact (construction, operation and disposal) of the various alternatives, should be included in the analysis.
The decision maker must decide which environmental aspects to take into consideration, according to the information about possible technical alternatives. Some types of environmental impact may be quantifiable while others will have to be considered in qualitative terms.
Quality of supply
The term quality of supply is here used as a collective term for objectives such as reliability of supply and the power and energy usability (voltage quality, temperature, pressure etc.).
Reliability of supply is defined as the energy system's ability to meet the diversified energy demand. A reliability objective may be to minimize the Expected Energy Not Supplied (EENS). EENS is the amount of energy (in kWh) not supplied because of a failure or a planned outage. The scale includes information about the interrupted load, the interruption duration, and the types of customers affected. Another possible objective is to minimize the socio-economic costs related to EENS.
Reputation
The main reason for building energy facilities and infrastructure is to serve the society with energy services. Therefore, it is useful to understand the social impact of different changes in the energy system's infrastructure by taking into consideration social values and public attitudes in the planning process. This will imply an open dialogue that will give the opportunity to the public and concerned groups to express their opinions regarding specific energy projects. It is, however, not easy to measure public attitudes. The public is not a homogenous group, and different persons will probably have different opinions about what is a good solution. Moreover it is difficult to decide what kind of attributes to use when measuring public attitudes.
SYSTEM BOUNDARIES
When alternative energy carriers are evaluated, it becomes even more important to specify the system boundaries that give a consistent and fair comparison of alternatives. As an example a proposed methodology for comparing local electricity generation versus import of electricity is presented.
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Example: Comparison of local and global emissions
The need for future additional electric energy and local generating capacity has been established (increased demand + replacement of possible existing power stations that need retirement). Investment and operation costs (including fuel costs) for local generation options have to be compared with investment and operation costs for external generation. According to IEA investments in new generation capacity in Europe until 2030 will mainly be gas-fired power stations (installed capacity for coal, oil-fired and nuclear will all decrease, even in absolute terms), see Table 1 . When the investment decision is to be taken, investment costs and fixed operation costs should therefore be compared with costs for large gas-fired power plants.
However, once the local alternative is constructed, running costs and emissions resulting from the local energy demand should be referred to the mix of relevant power stations in Europe, hour by hour, according to a plan for which kind of generating capacity is being used for variable total load (and possibly refer variable costs and emissions to the "marginal" technology used for daily and seasonable variable load for the coming 20 -30 years). This kind of analysis could be performed e.g. every second year by a neutral body, resulting in "standardised" costs and emission values, depending on what kind of local installation is considered.
UNCERTAINTY
Load forecasting
The main variable deciding the optimal energy distribution system is the forecasted demand (specified on different enduses), and where the energy is needed (location relative to possible sources). In short, the load forecasting needs to cover the capacity, volume and location. The more distant future demand is needed, the more uncertain will the estimated total demand be. Each customer/end user has a certain need (current and future) for electricity for specific appliances, while heating and cooling might be covered by alternative energy carriers. Since the total load can be served by a sum of various energy carriers (mutually dependent), the uncertainty for each specific carrier increases.
Energy prices
Energy prices, or at least price differences between alternative energy carriers, influence both short-term and long-term energy use. On short-term flexible end-use will use least cost alternatives, while long-term predicted prices (including potential subsidies and taxes) affect investments in distribution infrastructure.
INTEGRATED ENERGY DISTRIBUTION SYSTEM OPTIMISATION
A prototype decision aid tool with a flexible methodology for planning of complex energy service systems with multiple energy carriers is presently being developed [2]. The methodology is based on components with standard interface combined in a generic energy system model, see Figure 2 . In the present version the object function is minimisation of total costs (investment, operational and environmental costs) as the only criteria. How MCDM methods are planned to be implemented is presented in Section 8. The optimisation algorithm is based on Linear Programming/Mixed Integer Programming, and AMPL/ CPLEX software has been chosen as the development tool. Three basic TYPES of technologies are represented in the model:
• Conversion technologies that convert one energy carrier to another at a specific geographic location • Transport technologies that transport a given energy carrier over a defined geographic distance • Storage technologies that store a given energy carrier over time at a specific geographic location Some of the energy resources have to be converted to other forms of energy like electricity before they can be transported to the end users (hydro, wind, wave) while others are also energy carriers that can be transported down through the energy system towards the end users (gas, coal, biomass).
Geography and topology are key elements in this approach. It is not only a question of which resources and which amounts to use, but also where in the system the necessary conversions will take place.
The methodology includes the following steps: 
ENGINE
In to develop a major suburb with more than 2000 dwellings, shops and public services. The current radial electricity grid in the area is insufficient to cover the energy demand of the new suburb. There is a marine gas engine factory in the area where compressed natural gas (CNG) will be available. The following alternatives of energy supply were considered [4]:
• Double electricity supply: New 132 kV line/cable into the area (Base case) 3.6 MW gas CHP of suburb) with DH grid 3.6 MW gas CHP at Hy with local DH grid 5.0 MW gas CHP at he system boundary for this analysis comprises the planned he four alternatives were modeled in the prototype tool he sensitivity of the results was tested with the following icity +15% (El+15) rent alternatives shows that the owever, adding the investments in infrastructure, the Net T activity within the municipality and only investment and operational costs were considered. Electricity and gas is fed into the system as shown in Figure 3 .
T described in Section 6. In this case study, the prototype tool was used to minimize the operational costs within each simulated period. The additional calculations were done independently in a spread sheet. It should be noted that the current version of the prototype tool handles the expansion planning as well.
T parameter variations:
• Spot price of electr • Gas price +50% (G+50) Optimal operation of the diffe base case which includes a new power line is most expensive in all cases, even when the gas price is increased by 50% (Figure 4 and 5).
H Present Value (NPV) is negative for nearly all DH alternatives compared to the base case with new power line, as shown in Figure 6 . The only exceptions are the alternatives with increased electricity spot price and CHP unit inside the suburb. This would give minimum distance from the production unit to the concentrated heat load. s the methodology includes hourly simulations of selected A seasons with detailed technology and infrastructure models, a lot of further details can be extracted in addition to the economic evaluation:
• The optimal operation of the CHP unit is sensitive to the s price the CHP unit is operated -the CHP s heat
• If t ce is 0.13 USD/Sm3 (Base case) the CO2 tax inally, as both the electricity and DH grids are modelled in
MULTI-CRITERIA DECISION MAKING
igure 7 shows how MCDM methods are planned to be energy prices: -At a high ga primarily to cover the heat load (G+50) If the el price is high, on the other hand, unit operates at maximum load to generate electricity for sale and simply dumps surplu (El+15) he gas pri has to exceed 40 USD/ton to influence the operation of the CHP unit. However, if the gas price is increased to 0.20 USD/Sm3 (G+50) a tax of 14 USD/ton is sufficient to make a major impact on the operating strategy of the unit. F detail the feasibility of the solutions can be checked with respect to line capacity and temperatures in the DH grid at peak load and low load hours.
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F incorporated in the energy system planning methodology in the prototype tool described in Section 6. T model repeatedly for each year in the planning period and for all possible combinations of investment alternatives. A table of quantifiable attributes is thereby established for all years and states. This table is used as input to the investment optimisation, where the optimal expansion plan is calculated. Uncertainty can be represented with scenarios. It operational and investment part of the model. In the first part it should be a fairly straightforward extension to formulate the operational problem as a multi-objective one, as long as the objective function is still linear. The AMPL code is flexible in terms of adding linear components to the objective function. The investment part of the problem is a discrete optimisation problem, and several multi-attribute methods can be applied. Reference is made to [3] for further studies on how MCDM methods are applied in energy system planning.
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E challenges that require new methodology, with even more focus on the problem formulation phase. The new situation arises from • multiple energy resources involving mutually dependent alternative energy carriers (increased uncertainty) multiple stakeholders -increasing nu holders/decision makers sometimes with conflicting objectives multiple c stakeholders o the requir processes affects how the energy planner performs his tasks. E traditional energy planning process to address these issues. 
